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Methods. For this narrative review, publications were identified by searching PubMed using the search terms "migraine" or "cluster" combined with "vagal nerve stimulation," "transcranial magnetic stimulation," "supraorbital nerve stimulation," "sphenopalatine ganglion stimulation," "occipital nerve stimulation," "deep brain stimulation," "neurostimulation," or "neuromodulation." Publications were chosen based on the quality of data that were provided and their relevance to the chosen topics of interest for this review. Reference lists of chosen articles and the authors' own files were used to identify additional publications. Current clinical trials were identified by searching clinicaltrials.org.
Results and Conclusions. Neurostimulation of the vagal nerve, supraorbital nerve, occipital nerve and sphenopalatine ganglion, transcranial magnetic stimulation (TMS), and deep brain stimulation have been investigated for the treatment of migraine and/ or cluster. Whereas invasive methods of neurostimulation would be reserved for patients with very severe and treatment refractory migraine or cluster, noninvasive methods of stimulation might serve as useful adjuncts to more conventional therapies. Currently, transcutaneous supraorbital nerve stimulation is FDA approved and commercially available for migraine prevention and TMS is FDA approved for the treatment of migraine with aura. The potential utility of each type of neurostimulation has yet to be completely defined.
Introduction
A number of neurostimulation therapies have been investigated for the treatment of migraine and cluster ( Figure 1 ). Migraine afflicts 38 million Americans, causing substantial pain, hypersensitivity to sensory stimuli, nausea, vomiting, and disability [1] . Although cluster affects a smaller population of people compared to migraine, cluster attacks are frequently reported as one of the most painful conditions experienced by mankind. Current pharmacological treatments for migraine and cluster are often suboptimal. First-line abortive migraine treatments provide pain-relief at 2 hours post-treatment in about 60% of patients and pain freedom at 2 hours post-treatment in about 30% of patients, while individual first-line migraine prophylactic medications reduce migraine attack frequency by 50% or more in about 20-40% of patients [2, 3] . First-line abortive treatments for cluster provide 15 minute pain relief in about 75% of patients and 15 minute pain freedom in about 50% of patients, while first-line prophylactic medications for cluster headache reduce attack frequency by at least 50% in about 70% of patients [4] . Thus, conventional therapies for migraine and cluster are often inadequate and substantial proportions of migraine and cluster patients are considered "refractory" to current therapies. Noninvasive neurostimulation could serve an important adjunctive role in the abortive and preventive treatment of migraine and cluster headache, while invasive neurostimulation might play a role in the treatment of patients with severe migraine and cluster who are otherwise treatment refractory. In this narrative review, invasive and noninvasive methods of neurostimulation for migraine and cluster are discussed, including vagal nerve stimulation (VNS), transcranial magnetic stimulation (TMS), occipital nerve stimulation (ONS), combined ONS and supraorbital nerve stimulation (SONS), transcutaneous SONS, sphenopalatine ganglion stimulation (SPG), and deep brain stimulation (DBS) (Box 1).
Vagal Nerve Stimulation
Although the mechanisms by which VNS might effectively abort or prevent migraine attacks are yet to be elucidated, benefits would presumably occur via effects downstream from the nucleus tractus solitarius, a structure with inputs from the vagus nerve. Via the nucleus tractus solitarius, VNS could have activating or inhibiting effects on the thalamus, hypothalamus, reticular activating system, amgydalo-hippocampal complex, cerebral cortex, and trigeminal nucleus caudalis [5] . In animal studies, VNS has been shown to reduce pain-induced activation of neurons in the trigeminal nucleus caudalis, to reduce pain behavior, and to reduce trigeminal allodynia [6, 7] . Case reports of epilepsy patients who had improvements in migraine with VNS and reports of patients with chronic daily headache and depression improving with VNS suggested a possible utility of VNS for migraine treatment [5, 8, 9] . 
Box 1 Search Strategy
For this narrative review, publications were identified by searching PubMed using the following search terms: "migraine" or "cluster" and "vagal nerve stimulation" or "migraine" or "cluster" and "transcranial magnetic stimulation" or "migraine" or "cluster" and "supraorbital nerve stimulation" or "migraine" or "cluster" and "sphenopalatine ganglion stimulation" or "migraine" or "cluster" and "occipital nerve stimulation" or "migraine" or "cluster" and "deep brain stimulation" or "migraine" or "cluster" and "neurostimulation" or "migraine" or "cluster" and "neuromodulation." Publications were chosen based on the quality of data that were provided and their relevance to the chosen topics of interest for this review. Reference lists of chosen articles and the authors own files were used to identify additional publications. Current clinical trials were identified by searching clinicaltrials.org.
Schwedt and Vargas
Noninvasive VNS for the acute treatment of migraine with and without aura has been studied in a small open-label clinical study [10] . Participants were instructed to treat with stimulation once pain became moderate to severe or after 20 minutes of mild pain. Treatment consisted of two, ninety-second transcutaneous stimulations delivered 15 minutes apart via a handheld device. Twenty-seven participants treated at least one attack. Pain freedom at 2 hours was reported for 22% of attacks that were treated when pain was moderate to severe and for 38% of attacks that were treated when mild. Pain relief at 2 hours was reported for 43% of attacks that were treated when pain was moderate to severe. VNS was well tolerated with 13 of 28 treated participants reporting adverse events, all mild or moderate in severity. More common adverse events included stiff neck, frequent urination, shoulder pain or spasm, and lip or facial drooping. Adverse events that were most likely to be treatment-related included neck twitching, raspy voice, and skin redness at the site of stimulation. Despite the vagus nerve having efferent projections to the heart, no cardiac side effects were observed.
Controlled clinical trials of VNS for migraine treatment are required before conclusions can be drawn regarding its potential utility. A pilot study of daily VNS for the prevention of chronic migraine was completed in May 2014 and Data from the Prevention and Acute Treatment of Chronic Cluster Headache (PREVA) study was presented in abstract form at the 2014 European Headache and Migraine Trust International Congress. The PREVA study was a randomized, controlled study investigating the efficacy of VNS delivered twice daily as prophylactic treatment or acutely as abortive treatment versus standard of care for the treatment of chronic cluster. Initial reporting suggested that VNS for the prophylactic and acute treatment of chronic cluster is associated with improvements in several quality of life measures including the EQ-5D-3L, the Headache Impact Test (HIT-6), and the Hospital Anxiety and Depression Scale (HADS) [11] . There are several ongoing studies of VNS for the prevention and abortive therapy of episodic and chronic cluster. [clinicaltrials.gov-accessed October 27, 2014] .
Transcranial Magnetic Stimulation
Single-pulse TMS might be an effective abortive treatment of migraine attacks, while repetitive TMS might be effective for migraine prophylaxis. When TMS is delivered to the scalp, the magnetic field is thought to generate electrical fields that penetrate the brain cortex reaching depths of 1.5-3 cm below the skull surface [12] . Single-pulse TMS is presumed to abort attacks of migraine with aura via inhibition of cortical spreading depression. Single-pulse TMS was recently approved by the U.S. FDA for acute treatment of migraine with aura. Repetitive TMS could work as a migraine prophylactic therapy via effects on neurotransmitters and via reducing cortical excitability [13] [14] [15] .
Several studies have investigated TMS for the abortive treatment of migraine [16] [17] [18] [19] . These studies include a multicenter, randomized, double-blind, sham-controlled study of TMS for acute treatment of migraine with aura [17] . Single-pulse TMS was delivered to the occipital cortex via a portable device. Participants were instructed to treat as soon as possible after migraine aura began and always within 1 hour of aura onset. Single-pulse TMS was used by 82 subjects while 82 used sham stimulation. TMS was superior to sham stimulation for the primary outcome of pain freedom at 2 hours post-treatment (39% vs. 22%, therapeutic gain 17%; P=0.0179]. Treatmentrelated adverse events were minimal, with 5% of TMS participants reporting adverse events and 2% of sham stimulation participants reporting adverse events. Headache, migraine, and sinusitis were the most commonly reported adverse events.
A few studies, with mixed results, have investigated repetitive TMS for the preventive treatment of migraine [20] [21] [22] [23] . All were randomized, sham-stimulation controlled trials of repetitive TMS targeting the dorsolateral prefrontal cortex or motor cortex. The two larger studies investigating TMS for prevention of episodic migraine had mixed results, with one concluding that TMS was superior to placebo for reductions in headache frequency and pain intensity, and the other concluding that TMS was not superior to sham stimulation for several measured outcomes [22, 23] . Differences in stimulation protocols and participant inclusion and exclusion criteria might account for these conflicting results. A study of repetitive TMS for prevention of chronic migraine was negative, with sham-treated patients actually having better outcomes than TMS treated patients, highlighting the substantial placebo-response rates typically seen in migraine studies [21] . Further studies of TMS for prevention of episodic and chronic migraine are needed.
TMS is currently FDA approved for the abortive treatment of migraine with aura [24] . There are several ongoing studies of TMS for the prevention of episodic and chronic migraine. [clinicaltrials.gov-last accessed October 27, 2014]
Transcutaneous Supraorbital Nerve Stimulation
The supraorbital and supratrochlear nerves are terminal branches of the frontal nerve, derived from the ophthalmic division of the trigeminal nerve. The supraorbital and supratrochlear nerves provide sensation to the forehead and upper eyelid. Transcutaneous electrical stimulation of these peripheral nerves could provide benefit for the treatment of migraine via inhibition of nociceptive transmission in small pain transmitting fibers and theoretically via modulation of nociceptive activity more centrally in the trigeminal ganglion.
Transcutaneous SONS has been studied for the prevention of migraine in a multicenter, randomized, shamcontrolled, double-blind clinical trial and in a large openlabel study [25, 26] In the randomized trial, participants were instructed to treat with transcutaneous SONS for 20 minutes each day for 3 months [26] . For the 67
Neurostimulation for Headache participants who were randomized, the mean number of migraine days was significantly reduced for those treating with transcutaneous SONS (6.94 days to 4.88 days, P=0.02) but not for those in the sham stimulation group (6.54 days to 6.22 days, P=0.608). Transcutaneous SONS-treated patients were more likely to have at least a 50% reduction in migraine days per month than those treated with sham (38.1% vs. 12.1%, P=0.023). Authors reported that "no adverse events or side effects occurred during the trial, either in the verum or in the sham group." A large open-label study of 2,313 headache sufferers (presumed to be mostly migraineurs) investigated safety and patient satisfaction with transcutaneous SONS in the "general population" [25] . Participants were people who rented the stimulator via the internet and were successfully contacted after the end of the 40-day rental period. Of the 2,312 participants, 53.4% were considered "satisfied" with treatment since they decided to purchase the device at the conclusion of the rental period. At least one adverse event was reported by 4.3% of all participants (5.5% of unsatisfied participants and 3.2% of satisfied participants). The most frequent adverse event was intolerance of the paresthesias induced by stimulation (accounting for 46% of all reported adverse events). Arousal and sleep changes were the second most common adverse events (accounting for 18.6% of all adverse events). No serious adverse events were reported.
There are not currently any transcutaneous SONS studies listed in clincaltrials.gov.
Sphenopalatine Ganglion Stimulation
The SPG is a large extracranial parasympathetic ganglion that innervates meningeal and cerebral blood vessels, nasal mucosa, lacrimal gland, muscles of the upper eyelids and conjunctiva. It has been proposed that SPG stimulation might effectively treat headaches via inhibition of postganglionic parasympathetic outflow and subsequent inhibition of pain and cranial autonomic symptoms and via modulating sensory processing in the trigeminal nucleus caudalis [27] .
SPG stimulation for treatment of refractory chronic cluster attacks has been studied in a multicenter, randomized, sham-controlled clinical trial [28] . Twenty-eight participants with chronic cluster completed the randomized component of the trial. Participants were instructed to treat cluster attacks of moderate to severe intensity with 15 minutes of stimulation. Each patient treated 30 attacks for a maximum of 8 weeks. Random insertion of placebo was used, meaning that when a participant initiated stimulation one of three possible stimulation doses was randomly applied in equal proportions: full stimulation, subperception stimulation, or sham stimulation. A total of 566 cluster attacks were treated. SPG stimulation was superior to sham stimulation for the primary efficacy endpoint of pain relief at 15 minutes poststimulation (67.1% vs. 7.4%, P<0.0001). SPG stimulation was also superior to sham stimulation for pain freedom at 15 minutes poststimulation (34.1% vs. 1.5%, P<0.0001). Although measurement of a preventive effect from SPG stimulation was not the primary goal of this study, there was evidence suggesting such an effect. Mean cluster attack frequency dropped from 17.4 attacks per week at baseline to 12.5 attacks per week during the experimental period (P=0.005). For the twelve participants who were considered frequency responders there was an average reduction of 88% in the frequency of cluster attacks. Serious adverse events included the need for three stimulator lead revisions and two stimulator explants. Sensory disturbances were experienced by 81% of patients, with sensory loss within distributions of the maxillary nerve being the most common and most but not all resolving over time. Other relatively common adverse events included pain (facial, mouth, temporal, nose, periorbital), swelling, headache, hematoma, and dry eye. Other adverse events included two infections (one at the incision site, one in the maxillary sinus), mild paresis of muscles around the nasolabial fold (two participants), and operative maxillary sinus puncture (two participants). Long-term follow-up of the study participants is currently underway [clinicaltrials.
gov] and preliminary data were presented in abstract form at the 2014 American Academy of Neurology Annual Meeting suggesting a sustained benefit of SPG stimulation for chronic cluster. Among 24 participants completing follow up through 18 months, 66% continued to experience a sustained and clinically significant improvement [29] . Within this subset, 50% were designated as acute responders (91% of attacks effectively treated) and 75% were designated as frequency responders with an overall reduction in baseline attack frequency of 85% compared to baseline.
An open-label pilot study of SPG stimulation for the abortive and preventive treatment of migraine is reportedly complete and sham-controlled SPG stimulation studies for the prevention of migraine and the treatment of chronic cluster are underway. [clinicaltrials.gov]
Occipital and Supraorbital Nerve Stimulation Via Implanted Stimulators
ONS has been investigated for the preventive treatment of intractable chronic migraine and medication-refractory cluster. ONS might be effective for the prevention of migraine and cluster via peripheral and central mechanisms. Peripherally, stimulation of large sensory afferents is likely to have a pain-reducing effect via inhibiting nociceptive activity in small c-fiber and a-delta fibers. In support of a central mechanism for ONS, a positron emission tomography study of 10 drug-resistant chronic cluster patients who were treated with ONS showed that ONS normalized the metabolism of several pain processing brain regions that were hypermetabolic prior to ONS [30] . ONS did not normalize hypothalamic hypermetabolism, a region that is thought to be involved in generation of cluster attacks. Lack of effect on the hypothalamus could explain why cluster attacks tend to recur shortly after cessation of peripheral stimulation.
After several open-label studies suggested potential benefits of ONS for migraine, three randomized sham-controlled trials have been conducted and reported. The ONSTIM feasibility study evaluated ONS therapy in 33 patients with refractory chronic migraine compared to 17 patients receiving sham stimulation and 17 patients who received continued medical management [31] . As a feasibility study, the study was underpowered and numerous efficacy outcomes were evaluated independently. ONS was statistically superior (not necessarily significantly superior) to sham stimulation and medical management for several outcomes including responder rate, reduction in headache days, reduction of days with severe and prolonged headache, and for several measures of disability and quality of life. A second study of patients with chronic migraine randomized 105 patients to active ONS and 52 to sham stimulation [32] . All of these patients had a successful trial of stimulation (defined as at least a 50% reduction in pain or adequate paresthesia coverage in the painful areas) prior to randomization. Patients who did not have a successful trial (n=20) exited the study and were not randomized. ONS was not superior to sham stimulation for the primary outcome (at least a 50% reduction in mean daily visual analog scores) at 12 weeks (active stimulation 17.1% vs. sham stimulation 13.5%, P=0.55). ONS was superior to sham stimulation for secondary endpoints, including at least a 30% reduction in mean daily visual analog scores, reduction in number of headache days, and migraine-related disability. Results from the PRISM study of ONS for the treatment of refractory migraine were presented at the 14th Congress of the International Headache Society and published in abstract form [33] . Amongst the 125 subjects who provided 12 week follow-up after implantation, there was no difference in the primary endpoint of change from baseline in the number of migraine days per month in those receiving active ONS (n=63, 25.5 6 8.7 days per month) and those receiving sham stimulation (n=62, 23.9 6 8.2 days per month, P=0. 29 ). An open-label extension of a randomized, sham-controlled trial (lasting 12 weeks) reported long-term safety and efficacy at 52 weeks following ONS implantation [34] . In the intent-totreat population (n=157), headache days were reduced by 6.7 6 8.4 days per month, 47.8% of subjects had at least a 50% reduction in headache days and/or pain intensity, and 65.4% reported having good or excellent headache relief. In this study and others, device and procedure-related adverse events were common, often requiring surgical intervention (e.g., for lead migration).
Nearly 100 patients with cluster headache who have been treated with ONS have been reported in the literature [35] [36] [37] [38] [39] [40] [41] . Overall, about 2/3 of such patients have at least a 50% improvement in headache frequency and/or intensity [40] . Thus far, there is a lack of randomized, controlled trials of ONS for treatment of cluster. Plans for a prospective randomized trial of ONS for medically intractable chronic cluster were published in 2013 [42] .
Combined supraorbital nerve and ONS has been investigated for the treatment of chronic migraine [43, 44] . In an open-label study of 7 patients who responded to a percutaneous stimulation trial, all patients had substantial improvements in headache frequency and severity and all felt that combined occipital and SONS was superior to ONS alone [44] . In a second open-label study, 14 patients with chronic migraine were treated with combined supraorbital and ONS [43] . Ten of 14 patients had at least a 50% reduction in pain severity and the mean reduction in visual analog scale score was 3.92 6 2.4. Additional studies would be required to determine the efficacy of combined supraorbital and ONS and its potential superiority over ONS alone. One recent case report described a patient who obtained excellent relief of occipital pain after ONS, but who continued to have debilitating temporal-distribution pain that responded well to the implantation of bilateral temporal stimulator leads [45] . Unfortunately, explantation was eventually necessary due to complications from infection and component erosion. If peripheral mechanisms are important in determining outcomes from stimulation, combined stimulation might be effective for the management of pain that extends into multiple anatomic distributions; however, there is a need for further studies that investigate the therapeutic outcomes and risks.
Deep Brain Stimulation
DBS of the posterior hypothalamus has been investigated for the treatment of medication-refractory chronic cluster [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] . The posterior hypothalamus is thought to play an essential role in the pathophysiology of cluster, and likely accounts for the circadian and diurnal rhythmicity of both cluster periods (i.e., the months during which patients with episodic cluster have cluster attacks) and individual cluster attacks.
Among the approximately 60 patients whose outcomes have been published in the literature, about 60% have had at least a 50% reduction in their cluster attack frequency with DBS [37, 56] . One study of 11 patients included a double-blind, prospective, 1 month crossover component during which patients were randomized either to sham stimulation or active stimulation [48] . During the month of blinded treatment, there were no differences in primary or secondary outcome measures for patients receiving active stimulation vs. those randomized to the sham group. However, by the end of the one-year open-label phase, 6 of 11 patients had achieved at least a 50% reduction in cluster attack frequency. The relatively high responder rates found in DBS treatment studies and the persistence of benefits over time suggest that the absence of differential outcomes during the randomized phase of this study are attributable to the outcomes being measured too soon after onset of DBS rather than there being no benefit of DBS beyond sham stimulation [57] . However, additional sham-controlled studies would be needed to determine benefits of hypothalamic DBS. A number of patients have achieved sustained efficacy and tolerability of DBS beyond 2 or more years of treatment [52] .
As would be expected with DBS, side effects and adverse events are a substantial concern when Neurostimulation for Headache considering a patient for such therapy. Diplopia is a common and temporary side effect of hypothalamic stimulation. Among all cases of DBS for the treatment of cluster, 6 serious adverse events have been reported. All occurred intraoperatively, they included a number of intracranial hemorrhages, and one patient died postoperatively due to intracranial hemorrhage [53] . Given the invasive nature of this procedure and the potential for serious adverse events and outcomes, careful patient selection is critical. Recommendations include rigorous adherence to the International Classification of Headache Disorders when identifying patients with a diagnosis of cluster, and limiting candidates to those with daily headache who are also refractory to multiple classes of medications, have normal cerebral imaging (including vascular imaging), have been hospitalized in order for the treatment team to witness and classify attacks, have a normal psychological profile, and who have also been refractory for greater than 2 years. Furthermore, it is recommended that candidates for DBS agree to permanently abstain from the use of tobacco and alcohol [58] . Subsequent recommendations suggested further limiting this procedure to those who have failed less-invasive procedures such as ONS [59] .
Conclusions and Future Directions
Current medicinal and nonpharmacological treatments for migraine and cluster are often inadequate for effectively and consistently preventing and aborting migraine and cluster attacks. Safe and effective methods of noninvasive neurostimulation might provide an adjunctive treatment option for migraine and cluster patients who are currently receiving suboptimal treatment outcomes. If found to be effective and relatively safe, invasive methods of neurostimulation might serve an important role in the treatment of patients with severe forms of migraine and cluster that are intractable to less invasive therapies. Further investigations are needed to determine the potential role of neurostimulation for the treatment of migraine and cluster and to identify specific subsets of patients who may better respond to such treatments.
